Abstract-This paper describes the state of the art in wavelength conversion and supercontinuum generation using glass-clad silicon core optical fibers. Such semiconductor fibers have enjoyed considerable attention due to their intrinsically high third-order nonlinearities, which are markedly higher than in conventional infrared glasses. Results to date from small core silicon fibers fabricated using both the high-pressure chemical vapor deposition technique and the molten core drawing method are presented. Also discussed are directions for continued study and development, including engineering the dispersion and nonlinear properties as well as improved interconnection.
I. INTRODUCTION

S
INCE their first realization a decade ago, glass-clad, semiconductor core optical fibers have received attention as potential alternatives to soft glasses for infrared and nonlinear fiber optics [1] . Of the semiconductors fabricated into fibers to date, silicon is by far the most mature, with the fiber performance now rivaling that in planar analogs owing to considerable advancements in the materials optimization [2] - [4] . While transmission losses still need to be further reduced, preferably by an order of magnitude, and smaller core sizes achieved, the high third-order susceptibility of the silicon core material mark these fibers as particularly interesting for infrared sources based on wavelength conversion and supercontinuum generation.
This paper reviews progress in the studies of nonlinear propagation within the silicon core fibers. It begins with a brief discussion of the two methods employed to fabricate silicon optical fibers, including their relative advantages and disadvantages. From there, the nonlinear model used to describe light propagation in silicon fibers is presented, followed by experiments and numerical simulations to investigate wavelength conversion in fibers with amorphous and (poly)crystalline silicon core materials. Lastly, opportunities for future study to improve the efficiency of these fibers for nonlinear systems are provided.
II. SILICON FIBER FABRICATION
Fabricating practical optical fibers with either crystalline or amorphous semiconductor cores poses a significant materials science challenge due to the substantial thermal and thermomechanical mismatch with conventional glasses employed in more common fibers. For example, many semiconductors have melting points that are not in the same temperature range as the glass transition of fused silica, and/or do not melt congruently [5] . However, over the past 10 years two practical approaches to fabricating semiconductor optical fibers have emerged, the high pressure chemical vapor deposition (HPCVD) technique [6] and the molten core drawing (MCD) process [7] . Both methods have their merits and drawbacks, for example the HPCVD technique can be used to produce fibers with both amorphous and crystalline silicon cores, but is limited to fiber lengths of a few meters. Alternatively, the MCD process has so far been restricted to crystalline cores, but can be used to produce kilometers of fiber, considerably reducing the cost per length. Although at present the losses in these fibers limit the practical propagation lengths to a few centimeters, we expect that the current growth and development in their fabrication will eventually see the losses reduced to the dB/m level [1] . Below we review these two complementary techniques in more detail.
A. High-Pressure Chemical Vapor Deposition
The first silicon core fiber was produced by depositing the semiconductor material into the central pore of a silica capillary 1077-260X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. using the HPCVD method [8] . In this process, the capillary tubes have the dual function of acting as a reaction chamber for the deposition and as the low refractive index cladding material required for waveguiding. Prior to deposition, the silane precursor is mixed with an inert carrier gas to promote molecular transport through the capillary. The reaction is thermally initiated at the required location and, as the precursors decompose, the material is conformally deposited onto the capillary walls until the core is filled. Fig. 1 (a) shows a scanning electron microscope (SEM) image of a silicon fiber fabricated via this approach, confirming that the core consists of a solid silicon rod. Owing to the extremely smooth surfaces of the capillary templates (root mean square roughness σ ∼ 0.1 nm [9] ) the core/cladding interface is near atomically smooth, which is particularly important for reducing scattering associated with the high index contrast, and thus for achieving low loss waveguides [10] . A key advantage of the HPCVD method is that the temperatures and pressures can be controlled to fill capillary dimensions ranging from several tens of micrometers down to much smaller, hundreds of nanometers, dimensions that are favoured for nonlinear applications. Furthermore, as the energy for precursor decomposition is significantly lower than that required for melting the bulk material, the process can be undertaken at relatively low temperatures, which reduces cracking and defect formation associated with the thermal mismatch of the materials [11] . However, significant disadvantages of this approach are that, owing to the small core sizes, the deposition rate is slow and it is difficult to control the grain growth when depositing in a crystalline form [12] .
B. Molten Core Drawing
The MCD technique is based on a modified fiber drawing method, whereby the silica cladding acts as a crucible to contain the silicon as it is melted and drawn down to form the fiber core [13] . Owing to the practicality of the fiber drawing method, it is this approach that has been the most widely adopted by the fiber fabrication community [7] , [14] - [16] . Typically, the fibers are drawn from a preform consisting of a silica tube filled with pure silicon, which can be in the form of a solid rod or powder. The preform is then heated to above both the glass transition temperature of the cladding and the melting temperature of the core. At this temperature the cladding glass can be deformed, but is still viscous enough to contain the molten silicon and maintain its cylindrical geometry when drawn. As the fiber leaves the furnace, it rapidly cools and the liquid core solidifies into a polycrystalline form, which is surrounded by the silica cladding. Fig. 1(b) displays a microscope image of a MCD derived silicon fiber, where the high index core is clearly visible with a well-defined core/cladding interface.
Key benefits of the MCD technique are that it can produce very long lengths of fiber and, by selecting the appropriate draw conditions, fibers with cores that consist of long (almost centimeter length) single crystal grains can be produced with relatively low optical losses [17] , [18] . The main drawbacks of this method are associated with the high temperatures required to soften the cladding, which can cause oxygen to diffuse into the core and can induce significant cracking as the different materials cool. Although these issues can be somewhat mitigated via the introduction of a diffusion barrier around the core [15] , as of to date, silicon core fibers fabricated using this method have been limited to core sizes that are several microns in diameter, or larger. Clearly the ability to obtain smaller core sizes is highly desirable for nonlinear applications and thus work in this area is ongoing.
III. NONLINEAR PROPAGATION IN SILICON FIBERS
As silicon is a uniform symmetric material, nonlinear transmission in these fibers is governed by processes involving the third order χ (3) nonlinearity. The real part of the χ (3) coefficient gives rise to the Kerr nonlinear refractive index n 2 and the imaginary part to the two photon absorption (TPA) parameter β TPA . Thus pulse propagation in silicon core fibers can be described by a modified form of the nonlinear Schrödinger equation (NLSE) [19] :
where A(z, t) is the pulse envelope, β 2 is the group velocity dispersion (GVD) parameter, β 3 is the third-order dispersion, γ is the nonlinearity parameter, α l is the linear loss, and σ f defines the free carrier contributions. Here, the nonlinear parameter is complex to account for both the Kerr and TPA contributions: γ = k 0 n 2 /A eff + iβ TPA /2A eff , where A eff is the effective mode area. Similarly, the free carrier term is also complex σ f = σ (1 + iμ) N c , where σ is the free carrier absorption (FCA) coefficient and μ governs the free carrier dispersion (FCD), and depends on the free carrier density N c . The carrier density is related to the TPA parameter and can be determined via the rate equation [19] :
where τ c is the carrier lifetime. Compared to silica fibers, the silicon core material has a large nonlinearity and a high refractive index, which results in tight mode confinement, so that the nonlinear effects can be enhanced by several orders of magnitude [20] . As a result, propagation in the silicon fibers requires much lower pump powers (watts compared to kilowatts) and shorter fiber lengths (centimeters compared to kilometers) to observe efficient nonlinear wavelength conversion. However, the precise requirements depend on the nature of the silicon material and how it has been produced, which can alter both the linear and nonlinear parameters, as well as the fiber core size.
IV. HPCVD AMORPHOUS SILICON FIBERS
The first observations of nonlinear propagation in silicon core fibers were recorded in a hydrogenated amorphous core material [21] . This is because, compared to crystalline silicon, hydrogenated amorphous silicon (a-Si:H) has a high Kerr nonlinear coefficient, on the order of 2-5 times larger, as well as low linear and nonlinear optical losses [22] . The incorporation of hydrogen has played a crucial role in reducing the losses in this material as it passivates the dangling bonds, which are a major source of absorption in amorphous structures. The optical losses in this material have been significantly reduced over the last decade, from ∼ 20 dB/cm down to 0.5 dB/cm, by controlling the concentration and distribution of hydrogen along the core [23] . Thus the precise values for the linear and nonlinear properties of this material depend on the hydrogen content, which can be tuned through the deposition parameters such as the precursor mixture and the temperature, as well as the operating wavelength. Typical values of the optical parameters for the HPCVD fibers fabricated from this material are shown in Table I for two pump wavelengths of interest; one in the telecoms band and one in the mid-infrared [23] . We note that these values are very similar to what has been reported for a-Si:H waveguides on-chip, indicating that the material quality is comparable [24] .
As all of the initial nonlinear investigations of these fibers were conducted in structures with fairly large core diameters (∼ 6 μm), where the dispersion properties are dominated by the large normal material dispersion (see Fig. 2 ), the observed spectral broadening was fairly modest [21] . Nevertheless, it was still possible to use these fibers for all-optical processes such as ultrafast modulation [25] and switching [26] . However, a significant breakthrough was made when low loss a-Si:H fibers with much smaller core diameters (∼ 1 − 2 μm) were produced [3] . In this regard, reducing the core size had a two fold advantage; firstly, the nonlinearity was enhanced via the reduction in the mode area, and secondly, the increased waveguide dispersion could compensate for the material dispersion to access the anomalous dispersion regime, as illustrated in Fig. 2 . As a result, these small core fibers opened a route for the observation of nonlinear processes such as four-wave mixing (FWM) and soliton effects that are critical for generating broadband supercontinuum.
To demonstrate this, a 4 mm long a-Si:H fiber with a 1.7 μm diameter core was pumped with a high power femtosecond (full width at half maximum T FWHM ∼ 300 fs) optical parametric oscillator (OPO) to investigate the process of spontaneous FWM. By tuning the OPO to operate on the edge of the anomalous dispersion regime (λ p = 2.28 μm), where optimum efficiency for the phase-matched process is expected, the characteristic FWM sidebands appeared on either side of the pump (see inset in Fig. 3(a) ). In this region, the phase-matching condition can be well approximated by [27] :
where P 0 is the peak pump power and = |ω p − ω s | = |ω p − ω i | is the frequency shift between the pump and the signal/idler. Thus the position of the peak FWM gain can be estimated as:
Fig . 3 shows the measured tunability of the FWM peaks as a function of (a) pump power and (b) pump wavelength in comparison to the predicted phase-matching curves, showing very good agreement. Furthermore, the results in Fig. 3(b) indicate that with only 20 W peak power it is possible to tune the wavelength conversion over 600 nm (2 μm to 2.6 μm), while only tuning the pump by 280 nm. Further calculations have shown that by increasing the pump power to ∼ 60 W this could increase to ∼ 900 nm. By increasing the pump power even further, the FWM process can be used to seed supercontinuum generation. Fig. 4 shows the spectral broadening obtained for various pump wavelengths with a launch power of 75 W. The top spectrum corresponds to the same pump wavelength as Fig. 3(a) , however, in this case the generated spectral bandwidth is much broader (by ∼ 500 nm). The shape of this spectrum suggests that the increased broadening is due to the appearance of a second set of sidebands positioned at 2 max , associated with a higher order FWM process (see arrows). We attribute the ability to phasematch cascaded FWM processes to the high nonlinearity of the fiber that facilitates wavelength conversion over short propagation lengths, as is the case in this fiber. The remaining spectra in In all cases these spectra exhibit more than an octave of continuum bandwidth at the −30 dB level, with the total spectral coverage extending from 1.64 μm to 3.37 μm (∼ 1700 nm). Interestingly, as well as an increase in the spectral bandwidth, the bottom two spectra exhibit an additional feature on the short wavelength edge characteristic of dispersive wave emission. Although dispersive waves are often associated with the onset of soliton fission, as the length of our fiber is shorter than the estimated fission length for the input pulses (L fiss L D /N ∼ 7 mm, where L D = T 2 0 /|β 2 | ∼ 5 cm is the dispersion length and N ∼ 8 is the soliton order), we attribute their appearance here to temporal break-up of the pulses caused by modulation induced via FWM [28] , [29] . Further verification of this process is provided by the good agreement between the position of these short wavelength peaks centered at ∼ 1.8 μm and the predicted wavelength of the dispersive wave emission λ DW ∼ 1.75 μm as calculated via the phase-matching condition in Ref. [30] .
To gain more insight into the underlying dynamics driving the supercontinuum generation in this material, numerical simulations based on a modified version of Eqs. (1) and (2) were performed, which also included Raman scattering and self steepening terms [28] . For a pump centered at 2.47 μm, the simulated waveguide parameters were chosen to match those experimentally measured in Ref. [3] . We set the linear loss to be α l = 0.8 dB/cm, nonlinear refractive index n 2 = 1.04 × 10 −13 cm 2 /W, carrier lifetime τ c = 87 ns, β TPA = 0.02 cm/GW, and A eff = 1.23 μm 2 . The dispersion parameters β 2 = −0.59 ps 2 /m and β 3 = 5.6 × 10 −3 ps 3 /m were calculated from the Sellmeier equation for crystalline silicon raised by ∼ 4 % to account for the higher refractive index of a-Si:H. We note that higher order dispersion terms were not included due to uncertainties in the material index and waveguide dimensions [31] , and thus the simulated results at the spectral edges may only be qualitatively correct. Fig. 5(a) shows the simulated super-continuum spectrum at the output of a 4 mm length of a-Si:H fiber for input pulses of T FWHM ∼ 300 fs and 75 W input power. The corresponding temporal and spectral evolution of the pulse propagating in the a-Si:H fiber are shown in Fig. 5(b) and (c) , respectively.
The numerical results of Fig. 5 (a) are in reasonable agreement with the experimental spectrum in Fig. 4 , in terms of the −30 dB bandwidth (1822 nm compared to 1700 nm in the experiment) and the appearance of several peaks around the pump wavelength. The first sidebands (SB1) appear at 2.32 μm and 2.76 μm, close to both the theoretical predictions and experimental spectrum. In addition, a second sideband (SB2) is clearly visible at 2.09 μm and a dispersive wave is generated around 1.71 μm, again matching the experimental observations and thus providing further confirmation of the dynamics described above. The temporal and spectral evolution of the pulse, shown in Fig. 5(b) and (c), indicate that most of the spectral broadening occurs after 3 mm of fiber. While the pulse shape in time remains fairly constant over the short fiber length considered here, the spectrum shows much richer dynamics. Most notably, the spectral peak at the pump laser wavelengths breaks into two peaks due to self-phase modulation (SPM). As the short-wavelength peak moves towards the zero-dispersion wavelength, and aided by the cascaded FWM sidebands, the dispersive wave is emitted. The dip in the spectrum at the original pump wavelength observed in the simulations, Fig. 5(a) , is not found in the experiments (Fig. 4) , which we attribute to light coupled into higher order modes: the fiber under consideration here supports ∼ 20 modes but the simulations only consider the fundamental mode. We also note that the soliton fission lengths for the other pump wavelengths shown in Fig. 4 are significantly longer, which yields narrower broadening, also in agreement with the experiments.
V. MCD POLYCRYSTALLINE SILICON FIBERS
Compared to the a-Si:H fibers, studies of nonlinear propagation in polycrystalline silicon (p-Si) MCD fibers have been much more limited. This is due both to the larger core sizes of the as-drawn MCD fibers, where typical diameters are tens to hundreds of microns [7] , [15] , as well as the higher losses associated with scattering and absorption at the grain boundaries in the polycrystalline material [18] . To address these issues, several techniques have been developed to post-process the asdrawn fibers. Recently, the re-crystallisation of polycrystalline silicon fibers has been demonstrated using a continuous wave CO 2 laser [32] . This technique allowed for the generation of centimeter long crystals, which reduced the linear optical losses from 15 dB/cm to 2 dB/cm. However, the core diameters of these treated fibers remained too large for the observation of nonlinear propagation in this material. Thus, to overcome this limitation, a novel tapering procedure was developed [4] , which had the benefit of both reducing the core size and improving the overall crystallinity by enhancing the grain growth and aligning the crystal orientation with respect to the fiber axis [33] . The values for the linear and nonlinear properties of this material will thus depend on the averaged crystallinity, where we expect the key parameters to approach those of single crystal materials in the fibers with the largest grain sizes, i.e., when the volume of amorphous and defect material is at a minimum.
Using this tapering procedure, a number of low loss (∼ 1 − 4 dB/cm) p-Si fibers have been demonstrated with core sizes in the range 900 nm − 4 μm [4] , [34] . Fig. 6(a) shows a microscope image of a tapered p-Si fiber with a core diameter of ∼ 2 μm and Fig. 6(b) shows the corresponding Raman spectrum, as compared to a single crystal reference. The slight downshifting in the position of the fiber Raman peak is due to residual strain associated with differences in the thermal expansion of the core/cladding materials. Nevertheless, the excellent agreement in the Raman widths (2.9 cm −1 for the fiber compared to 2.7 cm −1 of the reference) indicates that the core is composed of high quality, large grain p-Si.
To demonstrate the suitability of these fibers for nonlinear propagation a set of high power transmission measurements were conducted, with the goal to benchmarking the values of the nonlinear refractive index and TPA parameter. As TPA manifests as an intensity dependent absorption, β TPA can be determined simply by monitoring the output power as a function of the coupled input power, as shown in Fig. 7(a) . Subsequently, the size of n 2 can be estimated by mapping the spectral broadening due to self-phase modulation (SPM), shown in Fig. 7(b) . In both cases the experimental data was obtained using a fiber with a core diameter of D = 2 μm, a length of ∼ 15 mm, and a linear loss value of α l ∼ 2 dB/cm, which was pumped with a high power 1.54 μm soliton source (T FWHM ∼ 700 fs). The numerical fits were calculated using Eqs. (1) and (2), with the remaining material parameters such as the free carrier absorption and dispersion estimated from the single crystal values [19] . However, we note that the use of a femtosecond pump source ensures the role of the free carriers will be minimal, reducing their influence on our estimates. The results returned best fit values of β TPA ∼ 0.7 cm/GW and n 2 ∼ 5 × 10 −14 cm 2 /W, which are both within the range previously reported for single crystal silicon [35] . Table II summarizes the key linear and nonlinear parameters measured in a selection of tapered MCD p-Si fibers with the lowest losses, which we expect to consist of the largest crystal grains. Significantly, these measurements represent the first reports of nonlinear propagation in a p-Si waveguide, either fiber or planar-based, which provides further evidence of the high material quality of the post-processed fibers. As these first characterization measurements were performed in the telecoms band where the material dispersion is normal, observations of FWM and/or broadband continuum generation have yet to be made in these fibers. However, as the key benefit of the MCD fibers is their long lengths, we have been able to fabricate p-Si tapers with micrometer sized cores over lengths of ∼ 2 − 3 cm, which is considerably longer than the few millimeter lengths more typical of HPCVD fibers used in optical experiments [3] . Thus, in order to compare the suitability of these fibers for supercontinuum generation against the HPCVD fibers, numerical investigations similar to those of Fig. 5 have been performed. The fiber parameters were based on a tapered p-Si structure with a 2 μm core diameter and a length of 13 mm. With the pump pulses positioned at 2.42 μm, we can assume: Similar to the a-Si:H fiber, the spectral broadening is dominated by SPM, cascaded FWM, and the emission of a dispersive wave. The first sidebands (SB1) are calculated to occur at 2.2 μm and 2.66 μm, and appear in the simulated data at 2.26 μm and 2.69 μm, respectively. The second sidebands (SB2) are predicted at 2.04 μm and 2.96 μm. As in the previous case, only the short wavelength SB2 is observable at 2.1 μm. As expected, a first dispersive wave is emitted at 1.95 μm, but not until 11 mm of propagation owing to the lower nonlinear index of this material. The dispersive wave does, however, shift out further to 1.8 μm at the end of the fiber, resulting in a −30 dB spectral bandwidth of 1460 nm. Although this broadening is below what was obtained in the a-Si:H fiber, and less than an octave, it could be increased quite significantly by reducing the losses and increasing the taper lengths as this would allow for propagation beyond the soliton fission length. Experimental efforts in this area are currently ongoing.
VI. FUTURE CHALLENGES
The nonlinear measurements of the silicon core fibers described above represent the first steps towards the development of new wavelength sources using this technology. However, there are still a number of challenges that must be overcome to improve the efficiency of these systems, as outlined in this section.
A. Dispersion Control
The nonlinear performance of the semiconductor core fiber devices ultimately depends on the fiber geometry and material properties; specifically the Kerr nonlinearity (nonlinear index and loss) and dispersion. It has already been shown that the optical propagation of silicon core fibers can be modified by external treatments such as the inscription of Bragg gratings [36] , and such structures could also be used for cavity enhancement of the nonlinear processes. Alternatively, more complex material systems could enable new possibilities. For example, the addition of germanium into silicon can extend the transmission further into the mid-infrared, increase the nonlinear coefficients [37] , and permit spatial variations in the alloy concentration that can tailor dispersion. In recent work to model SiGe planar waveguides [38] , it has been demonstrated that spatial control of the germanium content can lead to flat dispersion characteristics. Furthermore, higher optical intensities are predicted in the regions of the waveguide with higher germanium concentrations (due to the larger index of refraction), and the larger n 2 of germanium, relative to silicon, then leads to larger nonlinear effects. Although SiGe-core fibers have only recently been realized, control over the spatial concentration of the germanium has already been demonstrated via a CO 2 laser treatment (see Fig. 9(a) [39] ), which opens up additional process variables for nonlinear device design. The use of III-V core materials would further extend the range of nonlinear devices possible.
B. Interconnection
Despite their physical similarity to single mode fibers (SMFs), coupling light efficiently into and out of the silicon core fibers remains a difficult task due to silicon's high refractive index, which results in significant reflection losses and a large mode mismatch. A few solutions have been proposed to overcome this integration challenge, including the use of microstructured fiber designs to better match the mode area [40] and chemical etchants to reduce the reflection at the interface [16] , though so far no method has addressed both issues simultaneously. Thus a promising alternative solution would be to adopt the well-established inverse taper approach widely employed by the planar community [41] . This method has also gained some attention within the novel material fiber community where a tapered nano-spike was used to improve coupling into a chalcogenide core fiber [42] . Here, the key idea is that by decreasing the high index core to nanoscale dimensions at the facet, the guided mode spreads out to better match both the area and the effective index of the SMF mode.
To demonstrate this, the tapering procedure described in Section V has been adapted to fabricate nano-spikes on the end of high quality p-Si fibers as shown in Fig. 9(b) [43] . These spikes can be cleaved and spliced to standard SMF using a modified fusion splicing technique to obtain a robust joint (see inset in Fig. 9(c) ). Optical transmission measurements of the integrated silicon fiber-SMF device have revealed insertion losses of ∼ 7 dB. Although a promising preliminary result, the relatively high losses of this system can be attributed to non-optimized dimensions of the nano-spike and a slight misalignment of the spliced fiber cores. Indeed, numerical simulations of the mode overlap at the splice joint calculated as a function of the tip diameter, as shown in Fig. 9(c) , indicate that the minimum transmission loss between the two fibers could be as low as ∼ 0.5 dB for an optimized tip diameter of 190 nm. Clearly, such low integration losses would greatly improve the efficiency and practicality of the nonlinear systems.
VII. CONCLUSION
This paper has reported the recent advances in wavelength conversion and supercontinuum generation in silicon core fibers. Results have been presented for both HPCVD deposited hydrogenated amorphous silicon fibers and MCD polycrystalline silicon fibers. Cascaded four-wave mixing and octave spanning supercontinum generation have been demonstrated in the infrared region in the HPCVD fibers. To date, the demonstration of nonlinear effects in the MCD fibers lags behind those of the HPCVD fibers, primarily because of their lower nonlinearity, larger core size, and higher losses. However, numerical simulations suggest that similar spectral broadening is achievable in longer length tapered MCD fibers. Although, as yet, the spectral broadening observed in the silicon fibers is narrower than what has been reported in alternative materials such as ZBLAN fibers [44] , the fiber lengths and input powers required for supercontinuum generation in the silicon cores are several orders of magnitude smaller. Continued advancements to reduce the material losses and improve the device efficiency will open the door to many new and exciting possibilities in nonlinear device development. 
